Control synchronization of two eccentric rotors (ERs) in the vibration system with the asymmetric structure is studied to make the vibration system obtain the maximum excited resultant force and the driven power. Because this vibration system is essentially an underactuated system, a decoupling strategy for the control goal of the same phase motion between two ERs is proposed to reduce the order of state equation of the vibration system. According to the master-slave control scheme, the complex control objects are converted into the velocity control of the master motor and the phase control of the slave motor. Considering the self-adjusting of the vibration system as interference, controllers of the velocity and the phase difference are designed by applying the discrete-time sliding mode control, which is proved by Lyapunov theory. A vibration machine is designed for evaluating the performance of the proposed controllers. Two control schemes are presented: controlling one motor and controlling two motors, and two group experiments are achieved to investigate the dynamic coupling characteristic of the vibration system in the state of control synchronization. e experimental results show that control synchronization is an effective and feasible technology to remove the limitation of vibration synchronization.
Introduction
Vibration machine is a new type of machine quickly developed in the twentieth century, which utilizes vibration principle to perform various processing tasks and has been widely used in various fields of industry [1] . ey usually adopt an eccentric rotor (ER) as the excited source. By combining two ERs in different rotational directions and different installation positions, the vibration machine acquires the different resultant force and the motion trajectory to satisfy the processing requirements [2] [3] [4] . Hence, how to guarantee the synchronous motion between two ERs becomes a research topic [5, 6] . In the early design of vibration machine, the method of forced synchronization, such as gear and belt, is the only way to achieve the synchronous motion of two ERs, which is actually a passive control.
Since Blekhman studied self-synchronization of two ERs in the vibration system using the small parameter of Poincare-Lyapunov [5] , more and more scholars are attracted to study self-synchronization from every respect [7] [8] [9] [10] [11] [12] [13] [14] . Self-synchronization of the vibration system (also called vibration synchronization) is of great significance in engineering and technology fields because it replaces the technology of forced synchronization as the design technology of 2nd generation vibration machine. e technology of vibration synchronization utilizes the dynamic coupling characteristic of the vibration system to guarantee the synchronous motion of two ERs, which reflects the vibration system has the ability of the self-adjusting [2] . Hence, vibration synchronization is essentially semiactive control of applying the self-adjusting of the vibration system.
In some vibration machines, such as vibration mill, eccentric excitation caused by the asymmetric structure is needed to prevent the same amplitude at all positions of the system [1] . Although vibration synchronization utilizes the dynamic coupling characteristic of the vibration system to guarantee the synchronization of two ERs, the phase difference between two ERs is not usually equal to zero because of the stability limit of the system [3, 15, 16] . Because the stability of the vibration system depends on its structure parameters when two are ERs are operating with the asymmetric structure, the phase difference between two ERs is not equal to zero, which results in the smaller resultant force [3] . It is remarked that only when two ERs are operating in the same phase, their resultant force is the maximum value. To obtain the maximum excited resultant force and the driven power, the viewpoint of introducing control theory into the design of a vibration machine (also called control synchronization) is proposed [5] . erefore, the technology of active control is the development trend of 3rd vibration machine. Because the vibration system has the ability of the selfadjusting, the control synchronization of two ERs in the vibration system is different from that of two motors in other mechanical systems [17] . Now, there are several control strategies for multimotors in the general system, e.g., the master-slave control [18] , the cross-coupling control [19] , the virtual shaft control [20] , and the ring coupling control [21] . In engineering, the master-slave control is the most direct and effective method compared with other methods. Based on the master-slave control strategy, several scholars studied control synchronization of two ERs in the vibration system with symmetric structure. Kong [17] applied slide mode control (SMC) to study control synchronization of the vibration system with symmetrical structure. Tomchina [22] adopted PI control to investigate control synchronization of the vibration system with one degree of freedom. Jia [23] proposed a fuzzy PID method to study multiple-frequency synchronization of the vibration system with symmetrical structure. Fradkov [24] applied PI control to study the multiple-frequency control synchronization for 3-rotor vibration unit with varying payload. Miklos [11] applied PI control to study control synchronization of a dual-rotors system. To some extent, these results promote the development of control synchronization of the vibration system with symmetric structure. However, some results still need to be proved by experiment, because control methods of continuous-time cannot be directly applied in a microprocessor to control practical systems.
Considering the engineering requirement, this paper studied control synchronization of two ERs in the vibration system with the asymmetric structure. For this type of nonlinear system, this paper uses discrete-time sliding mode control (DSMC) to carry out the experimental research [25, 26] . To easily observe the dynamic coupling characteristic of the vibration system in the state of control synchronization, DC motor is adopted as the driven source.
In the next section, the electromechanical mathematic model is presented. Next, controllers are designed. Additionally, an experimental system is introduced. Later, experimental results are achieved. Finally, conclusions are presented. Table 1 . e springs connect the base with the rigid body. e mass center G of the vibration system translations is x and y, and angular rotation is ψ. Two ERs are direct-driven by DC motor in the clockwise direction, respectively. o i are the rotational centers of ERs, r is the eccentric radius of two ERs, and φ i denote ER rotates about its spin axis, i � 1, 2. Two vibration motors (two eccentric mass blocks are installed on both ends of the motor shaft) are not fixed symmetrically based on the Y-axis passing through the mass center of the system, and they are fixed to the left of the Y-axis. So, the system of Figure 1 is a type of the asymmetric structure because of external excitation from two ERs. Because the spring is made of high-carbon steel and is cylindrical, the spring stiffness can be approximately linear when the system works at the far resonance [1] . Selecting the x, y, ψ, φ 1 , and φ 2 as the generalized coordinates and using Lagrange's equation, the electromechanical mathematic model of the vibration system is expressed as follows [16] :
Dynamic Model of the Vibration System
where
, T ei � K ti I i are the electromagnetic torques of two motors, u i � R i I i + K ei _ φ i are the circuit equations of two motors, R i are armature resistances, K ei are electromotive force constants, K ti are electromagnetic torque constants, u i are the input voltages of DC motor, I i are the input currents of DC motor, J i ≈ m i r 2 are the moments of inertia of ERs, f i are the damping coefficients of the axis of motor, and i � 1, 2; m is the mass of the rigid body, and m i are the masses of ERs, M � m + m 1 + m 2 , J ψ is the moment of inertia of the vibration system; σ � 1 is the anticlockwise direction of ER, σ � −1 is the clockwise direction of ER; l i are the distances between the rotational center o i and the center of mass G, and β i are the angles between line o i G and x-axis, i 1, 2; k x , k y , k ψ are sti ness of springs and f x , f y , f ψ are damping of springs; (_ •) and (€ • )denotes d(•)/dt and d 2 (•)/dt 2 .
Since the excitation of ER is periodic, the responses of the steady state of the system are obtained as follows [16] :
, and i 1, 2.
DSMC Controllers and Stability Analysis
Combining equation (1) with equation (2), the inputs of the vibration system are T ei and the outputs of that are x, y, ψ, φ 1 , and φ 2 , which explains that the vibration system driven by two ERs is a typical underactuated system. Although this Encoder Providing signal to controller type of underactuated system usually adopts the backstepping control, it is not necessary for the vibration system of this paper. e control goal is achieving the maximum resultant force according to the processing requirements. Hence, the control goal is transformed into the same phase motion of ERs based on the force analysis of the vibration system. Furthermore, ER is direct-driven by the motor. So, the complex control is converted into controlling velocities and phases of motors. Obviously, the motions of two motors are not unrelated according to T Li of equation (1) , and they operate in a coupling state. As shown in Figure 2 , it explains the dynamic coupling characteristic of the vibration system, also called the self-adjusting; meanwhile, it illuminates that control of two motors in the vibration system is different from that in the general system [18, 27, 28] . e selfadjusting process is that the motor directly drives ER to excite the vibration system by rotational motion φ 1 and φ 2 , while the vibration system changes the load torque of motor by motion itself in x, y, and ψ [2, 29] . In this way, the vibration system reaches a steady state. However, if the vibration system is the asymmetric structural, the phases of two ERs are usually different under the function of the selfadjusting [3, 4, 29] . Hence, in order to design the controller of the motor, how to decouple the motion equation of the motor becomes the control key.
It should be remarked that this self-adjusting is still limited even if it is strong. Because the structure parameters are constant, equation (2) is only the function of variable φ 1 and φ 2 with time. Furthermore, T Li of equation (1) are also bounded, which illuminates that the self-adjusting also has bounded. Hence, the self-adjusting can be considered as an internal disturbance. Based on the above analysis, the control object transforms into a single input and single output model with disturbance.
According to the master-slave control scheme, the active control of two motors is divided into two parts: velocity-loop and phase-loop in Figure 2 . Firstly, velocity-loop is used to control the excited frequency. Secondly, phase-loop is used to guarantee the same phase motion for the maximum resultant force. If there is no velocity control or the excited frequency requirement, only controlling one motor can ensure the same phase motion of two motors, which saves costs in engineering. It has to be mentioned that the phase difference should be chosen as the control object for phaseloop because the phase of motor keeps increasing at rotational motion. Hence, the master motor is used only for open-loop and closed-loop velocity control, and the slave motor is used for closed-loop phase tracking control, as shown in Figure 2 .
Because DC motor has the weak mechanical characteristics, it is easy to observe the change of the velocity with the change of the load torque. So, DC motor is adopted as the driven source. In engineering, the controller is divided into two parts: the algorithm controller and the executive controller. Of course, the algorithm controller is a velocity controller or a phase controller. At present, the pulse width modulation (PWM) of voltage is the most common technique of motor control in engineering. Hence, we adopt the PWM calculator as an executive controller. Considering the self-adjusting is a fast variable with time according to Figure 2, SMC is more suitable for this kind of control with internal parameter perturbations and disturbances [25, 26] . e mathematical model of DC motor is usually expressed by a second-order system as follows [30] :
Selecting the velocity of the master motor and the phase difference between two ERs as the state variables,
the state equations of the master motor and the slave motor are rearranged, respectively, as
. a i and b i denote the nominal value of parameters, Δa i and Δb i denote the perturbation of parameters, W i denote the lump uncertainties from the self-adjusting of the vibration system, and it is bounded because T Li are also bounded.
Velocity Controller of the Master Motor.
e setting value ω t is selected as the control goal of the angular velocity of the master motor, and the tracking error is expressed as
When this task implements SMC in a practical system, DSMC with a digital microcontroller must be considered. Since the sampling interval T s of this work is close to 10 kHz, equation (4) can be transformed to the discrete state equation with the sampling interval T s as [25, 26] 
, and k � 0, 1, 2, 3, · · · denote the discrete-time function. e control type of equation (4) is the tracking problem because of the control goal of the master motor. Employing the difference approach to this discrete-time system, the sliding mode existence condition is as follows:
where c 1 must satisfy Hurwitz,
By analogy with continuous-time systems, the equivalent control can yield motion in the manifold s 1 � 0. So the ideal quasi-sliding mode satisfies s 1 (k + 1) � s 1 (k). Ignoring the unknown term L 1 , an equivalent control is given by 4 Shock and Vibration
Note that control resource of equation (9) is insu cient to stabilize the system, which is a ected by the unknown term L 1 . To hold on the reaching condition, the switching control is designed as
where D 1 > max|W 1 |. Hence, the control law of DSMC of the master motor is composed of equations (9) and (11) and is expressed as
Phase Controller of the Slave
Motor. e goal of control synchronization can be achieved by adjusting the phase di erence between the master motor and the slave motor. When the phase di erence equals to zero, the velocities of the master motor and the slave motor must be the same because of the rotational motion of the motor. So the phaseloop of the slave motor is enough for the control goal. Because the set value z 2 is essentially a di erence, it is expected to be zero. erefore, equation (5) is the error equation of the control error type. Same as equation (7), equation (5) can be transformed to the discrete state equation with the sampling interval T s as
Employing the di erence approach to this discrete-time system, the sliding mode existence condition is as follows:
where c 2 must satisfy Hurwitz, c 2 > 0 [31] .
With the same dealing as equation (9), the equivalent control of DSMC for the slave motor is obtained as
where σ 2 a 2 + c 2 .
To eliminate the unknown term L 2 , the switching control is designed as
where D 2 > max|W 1 − W 2 |. e control law of DSMC of the slave motor is expressed as
Phase controller + PWM calculator 2
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Stability of Controllers.
It is remarked that the stability and robustness of continuous-time SMC are guaranteed using Lyapunov stability theory and the formula of s(t) _ s(t) < 0 [21] . Considering the smaller sample time (0.1 ms < T s < 1 ms), the sliding condition and the convergence condition of DSMC is expressed as [26] 
Theorem. Robust stability to disturbance: for the two motors system, if the following conditions hold, then the control system described by equations (21) to (24) is stable:
Proof. Substituting equations (8) and (12) into equations (19) and (20), the results of the velocity controller are obtained as follows:
Equations (15) and (18) are also substituted into equations (19) and (20) , and the result of the phase controller is
where W 3 � W 1 − W 2 . In engineering, the vibration amplitude of most vibration machines is less than 5 mm and the vibration frequency of that is less than 50 Hz [3, 4] . So, if T s � 10 kHz, T s |W 1 | ≪ 1 and T s |W 3 | ≪ 1, T s |ε 1 + 2D 1 | ≪ 1 and T s |ε 2 + 2D 2 | ≪ 1. Hence, equations (22) and (24) are easily satisfied. Finally, the proof of the theorem is completed.
□
Experimental System
e next section will evaluate the performance of the proposed controllers. In this section, some key operated steps will be introduced to make the experimental process easier to understand. e microprocessor TMS320F28335 made by TI corporation is selected as DSC (digital signal controller) to operate the control algorithm in this work, as shown in Figure 1 (c). e incremental encoder E6B2-CWZ6C made by OMROM is selected to provide the signal of the motor for DSC, as shown in Figure 1(c) , and its position is denoted by Num 7 in Figure 1(b) . Other parts, such as the power circuit, driven circuit, and acquisition circuit, are needed for the experimental system. Because the motor directly drives ER, the velocity and the phase of ER are also the same as those of the motor, which is not emphasized in the following contents. Figure 3 , the control logic based on microprocessor TMS320F28335 is presented.
Control Scheme. As shown in
ere are 12 steps for the control of two motors. e first three steps mainly configure the hardware system. e 4th step is used to define the function for controllers. e 5th step is used to assign values to parameters of controllers. We adopt the timer interrupt as the control base time in the 6th step. Once one timer interrupt is triggered, the corresponding control will be operated according to the control command in the 7th step, such as whether the master motor is closed-loop control or open-loop control in the 8th step. e 9th, 10th, and 11th are the important steps for DSMC controller in Section 3. e 9th step acquires signals from encoders and calculates the velocity and the phase difference. e 10th step calculates parameters of the velocity controller and the phase controller in Figure 2 , such as u 1 (k) in equation (12) . e 11th step converts the control input into PWM (pulse width modulation) by calculating the dutycycle of the power voltage.
Calculating Velocity and Phase Difference.
is section will propose a method for calculating the velocity and the phase difference of the 9th step to provide data for the 10th step in Figure 3 . As shown in Figure 4 , the calculation method based on microprocessor TMS320F28335 is presented.
Considering the conventional M/T method cannot calculate the exact value of the velocity for the vibration motor because of the vibration characteristic, the average approach of measuring multiple rotational periods of the motor is chosen to obtain a more accurate value of the motor velocity. Since overmuch period will lead to the loss of the real-time control, the calculating value is the average value of four rotational periods of the motor (the experimental velocity is about 1500 r/min). Other details are shown in the velocity part of Figure 5 . e phase di erence cannot be calculated directly because the limit of QEP unit of TMS320F28335, and it requires a data conversion process. Meanwhile, the Z signal of an encoder is used to clear zero for the calculator function of QEP unit, which prevents the accumulation of measuring errors. erefore, it is not correct to directly subtract the pulse number of two encoders because the calculator is a ected by the cleaning process. In order to understand the process, multiple possible phase stages of two ERs are shown in Figure 4 . Usually, the phase di erence in the vibration system is expressed to be less than π, which is used to estimate whether ER is the leading phase or the lagging phase. e values of the phase di erence of Figure 4 (a) are contrary to those of Figure 4(b) . Particularly, it is necessary to determine whether there is a process of clearing zero. Speci c methods are shown in the phase part of Figure 5 Figure 6 , controllers of the velocity and the phase di erence are compiled by using C programming language. All functions are done by calling pointers. Because of the practical system, the limitation adjustment must be considered to prevent inconvenient accidents. Other details are shown in Figure 6 . 
Compiling DSMC. As shown in
Results and Discussion
Based on the master-slave control strategy and DSMC algorithmic proposed in Chapter 3, two group experiments are completed. By applying photoelectric sensors (Num 5 in Figure 1(b) ) to record velocities of motors and acceleration sensors (Num 6 in Figure 1(b) ) to measure amplitudes of two positions in the vertical and horizontal directions, these signal data are acquired by LMS SCADAS in Figure 1 R i ≈ 5.5 Ω, K ei ≈ 1.7 Vs/rad, K ti ≈ 25.4 Nm/A, the rated velocity is 3000 r/min, and the rated voltage is 12V.
Vibration Synchronization and Control Synchronization.
e comparison between vibration synchronization and control synchronization of two ERs with asymmetrical structure is shown in Figures 7-10 . e experimental scheme is divided into three parts. First, two motors operate in the state of vibration synchronization. Second, the command of control synchronization is executed by controlling one motor. After 20 s, motor 1 adopting the open-loop control is the master motor and motor 2 is the slave motor adopting the closed-loop control of phase controller. After 40 s, the control strategy is exchanged.
To facilitate analysis and verify data, three group photos of two ERs with the asymmetric structure are firstly shown in Figures 7-9 , respectively. Figure 7 shows the high-speed photos of two ERs with the anticlockwise rotational directions in the state of vibration synchronization, which is captured by the high-speed camera in 100 Hz. e phase difference is basically stable at −145°, and the phase of ER1 is lag of that of ER2, which reflects the function of the self-adjusting of the vibration system. On the contrary, Figure 8 shows the high-speed photos of two ERs with the clockwise rotational directions in the state of vibration synchronization. e phase difference is basically stable at −170°, and the phase of ER1 is still lag of that of ER2, which is different from that of the symmetrical structure. e two group photos of vibration synchronization reflect the inherent characteristics of the vibration system. Figure 9 shows the high-speed photos of two ERs with the clockwise rotational directions in the state of control synchronization. e eight photos of average time illuminate that the phase difference is approximately equal to 0°. Next, the data analysis of two ERs with the clockwise rotational directions in the state of vibration synchronization and control synchronization will be listed. Figure 10 shows the curves of two ERs rotating in clockwise direction including velocity, phase difference, and amplitudes. In order to easily observe the motion states of the vibration system from start to steady state, the data time is delayed for a few seconds during the data processing, which is not explained below. Figure 10(a) shows the velocity curves of two motors in the three stages of vibration synchronization and control synchronization. Once two motors obtain power supply, they rapidly reach the steady-state velocities, which is different from the characteristics of AC motor [3] . Under the effect of the self-adjusting, the synchronous velocity of two motors is about 1560 r/min. After about 20 s, motor 2 begins to execute the control command and track the phase of motor 1. According to the results of Figure 9 , motor 1 is the lagging phase ER affected by the self-adjusting. To achieve the synchronous motion of two motors with the zero phase difference, the motion tendency of motor 2 should wait for the tracking of motor 1. e synchronous velocity of two motors rapidly decreases to about 1420 r/min when motor 2 is acted by phase control, and the velocity difference is about 140 r/min. After 40 s, because motor 1 is controlled to track the phase of motor 2, the synchronous velocity of two motors rapidly increases to about 1670 r/min. For the 2nd exchange between the master motor and the slave motor, there is a maximum value in the velocity curves because of the quick switch. is above phenomenon reflects the dynamic characteristic of the vibration system. Figure 10(b) shows the phase difference curve between two ERs. From the results of Figures 8 and 10(a) , when two motors run in the state of vibration synchronization, the phase difference is close to −170°. However, when the command of control synchronization is executed, the stable phase difference in the 2nd stage is close to 0°. Because the absolute value of the phase difference in the 1st stage is close to 180°, the phase controller encounters with multiple judgment results of Figure 4 , which results in a chattering phenomenon acting by DSMC. is experiment proves the feasibility of the control scheme of controlling only one motor in the vibration system. In order to verify the robust of the phase controller, the master motor and the slave motor are exchanged after 40 s, which still selects this control scheme. Except for the change in the velocity curves of Figure 10(a) , there is no change in the phase curves of Figure 10 (b) and the phase difference is still equal to zero in the steady state. Of course, there is still a fluctuation at the moment of the command switching. e data correctness of Figure 10(b) is verified according to the eight photos in Figure 9 . Comparing two measuring positions, the amplitude of y 1 is much bigger than those of x 0 , y 0 , and x 1 when the vibration system operates in the state of vibration synchronization. However, the amplitude of y 1 is the smallest in these amplitudes when the vibration system operates in the state of control synchronization. Obviously, the amplitudes of the 2nd control synchronization are bigger than those of the 1st control synchronization because of the different synchronous velocity. In order to directly compare the motions of two positions, the motion trajectory is shown in Figures 10(g) and 10(h) . ree domains of inclined ellipse trajectory indicate clearly that the motion of the vibration system in the state of control synchronization is the ideal trajectory. ese motion laws are in accordance with the motion pattern of a rigid body under the different resultant forces.
From the experimental results in Figure 10 , the phase controller can be adopted on the arbitrary slave motor to achieve the synchronous motion of two ERs with the zero phase difference, which also proves the effectiveness of the proposed phase controller. e acceleration amplitude of the vibration system is affected by the synchronous velocity due to tracking of different slave motors.. ese results of control synchronization show that the vibration system has achieved the ideal motion trajectory and the maximum force with the Shock and Vibration 9 scheme of controlling one motor. erefore, it is a very engineering technology that applies the technology of control synchronization to replace vibration synchronization in the design of a vibration machine.
Control Synchronization of Controlling One Motor and
Two Motors. Figure 11 shows the comparison of controlling one motor and two motors, which is used to further verify the feasibility of control synchronization. e experiment is also divided into three stages, and motor 1 is chosen as the slave motor and motor 2 is chosen as the master motor. In the 1st stage, motor 2 adopts the open-loop control. In the 2nd stage, motor 2 adopts the closed-loop control with the velocity controller. In the 3rd stage, motor 2 still adopts the velocity controller, and the velocity goal of motor 2 is set smaller than that of the 2nd case. e velocity curves of two motors are shown in Figure 11 (a), and they are similar to Figure 10(a) . However, there is a di erent phenomenon that the velocities of two motors appear overshoot at the ascending stage with the control of the phase controller. Since the master motor adopts the open-loop control and it is tracked by the slave motor, the load torque of the master motor is reduced, resulting in increasing its velocity, which is the result of load distribution with the self-adjusting. In the 2nd stage, the synchronous velocity is stable at about 1670 r/min. Comparing with Figure 10(a) , although there are some uctuations at the beginning of the 2nd stage, it does not explain that the velocity controller is not stable enough but the limitation of calculating velocity signal. Because the method 
of the calculating velocity in Section 4.2 needs multiple motor rotational periods to guarantee the accuracy of the velocity value, which a ects the timeliness of the velocity control. In the 2nd stage, the goal value is set as 1700 r/min to verify the e ectiveness of the velocity controller, which is higher than the value in the 1st stage. After motor 2 operates with the velocity control, the synchronous velocity of two motors rises slowly and nally stabilizes around 1700 r/min, and the synchronous velocity increases by about 30 r/min. In order to verify the robustness of the velocity controller, the goal value is set as 1620 r/min. After the velocity adjustment of several seconds, the synchronous velocity of two motors stabilizes around 1620 r/min. Similarly, Figure 11 (b) shows the phase di erence between two ERs. e phase di erence remains near 0°for all the time except in two switching stages where it uctuates. e reason for the phase di erence uctuating at the beginning of the 1st stage is the same as Figure 10(b) , which a ected by the phase controller. However, the reason for the phase di erence uctuating at the beginning of the 2nd stage and the 3rd stage is a ected by the velocity controller.
Comparing the amplitudes of two positions in Figures 11(c) to 11(f ), it can be seen that the amplitudes of x direction are greater than those of y direction, and the phase angles of x direction are lag of those of y direction, which explains that the motion trajectory is an inclined ellipse. ey also are shown in Figures 11(g) and 11(h). From those, it can be concluded that the motion trajectory of di erent positions is changing with the distance between it and the excitation resource, which conforms to the dynamic characteristic with the eccentric excitation. 
According to the experimental analysis in Figure 11 , the conclusion is drawn that the zero-phase di erence motion of two ERs in the vibration system can be achieved by controlling one motor, but the synchronization velocity is not guaranteed because of the self-adjusting. Only the master motor using the velocity control can achieve the ideal synchronous motion of two ERs in the vibration system. In this experiment, because the slave motor is controlled by the phase controller at the beginning, the uctuations of the velocity curves and the phase di erence are more obvious than those in the state of vibration synchronization in Figure 10 . Because the interference comes from the selfadjusting of the vibration system and its changes are consistent with the input of controllers, it re ects the control complexity of the vibration system.
From the above two experiments, we can see that the vibration system has the ability of self-adjusting, which depends on the coupling of the electromechanical system. e motor drives ER to excite the mechanical system. Meanwhile, the mechanical system exerts the load torque on the motor through the coupling motion between the vibration body and ER, which is manifested as the change of the motor velocity and the phase of ER [29] . e selfadjusting ability of the vibration system can be regarded as a closed-loop control. Its control goal is to make the mechanical system satisfy the minimum potential energy principle, that is, the motion of the mass center of the mechanical system tends to be motionless [15, 16] . When we introduce the control system into the vibration system, the overall system has two sets of control systems. However, the control goals of the two control systems are exactly the opposite. ese reasons make control synchronization difcult. When changing operating conditions in our experiments, such as changing the motor speed, control synchronization becomes more complicated. According to the coupling dynamics characteristics of the vibration system, when the motor velocity is increased, the coupling strength of the vibration system is actually enhanced and the self-adjusting ability of the vibration system is increased [3, 4] . From the control perspective, the enhanced selfadjusting ability of the vibration system leads to an increase of interference for the control system. erefore, the instantaneous change of the motor velocity increases the control error. Based on our experimental results, SMC is a good choice for this kind of the large disturbance working condition.
Conclusions
In order to remove the limitation of vibration synchronization, control synchronization of two ERs in the vibration system with the asymmetric structure is investigated in this paper. By introducing the master-slave control scheme, the motion requirements of the vibration system are converted into the velocity and the phase tracking between two motors. Considering the engineering application, velocity and phase controllers are designed by employing DSMC. e performance of the proposed controllers is evaluated by experiments of a vibration machine driven by two DC vibration motors. e following remarks should be stressed:
(1) Because the goal of control synchronization is the same phase motion of two motors, it is necessary to estimate the phase di erence between two motors because it determinates which motor is the leading phase and provides the tracking data for the controller. e phase di erence in the vibration system is expressed to be less than π, which is more convenient for the controller. erefore, from the aspect of the signal acquisition, a matching method dividing the pulses of two encoders into four quadrants in Figure 4 is proposed for this purpose. three cases: vibration synchronization, control of one motor, and control of two motors at the same time. Comparing the experimental results of three cases in Figures 10 and 11 , the master-slave control is a simple and cost-saving control scheme for engineering because it can achieve the synchronous motion of 0°phase difference of two motors although the phase difference is close to −170°under the vibration synchronization state. However, the synchronous velocity of two motors with controlling only one motor will change with the selfadjusting of the vibration system in Figure 10 . Of course, this phenomenon does not appear in the master motor adopting the velocity controller in Figure 11 . (3) Because the vibration system has the self-adjusting function, the phase of the left motor is lag of that of the right motor with the asymmetric structure under the vibration synchronization state in Figure 7 (the phase difference is basically stable at −145°with the anticlockwise) and Figure 8 (the phase difference is basically stable at −170°with the clockwise). When master motor adopts the open-looped control and operates in the clockwise, if the right motor is the master one, the synchronous velocity will rise about 110 r/min because of the tracking of the left motor. On the contrary, if the left motor is the master one, the synchronous velocity will drop about 140 r/min because the right motor is waiting for the left motor. (4) From Figures 10(g), 10(h), 11(g), and 11(h), it can be concluded that the motion trajectory of different position is changing with the distance between it and the excited resource when the vibration system operates with control synchronization. Hence, the design of vibration machines requiring eccentric excitation should introduce the method of control synchronization to replace the method of forced synchronization.
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